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ABSTRACT 

Background: Myocardial infarction (MI) results in severe biochemical, physiological, and cellu-

lar changes that lead to alterations in the structure and function of the myocardium. Oxidative 

stress potentiates this remodeling response and is associated with progressive worsening of car-

diac function. Accordingly, we used a powerful antioxidant-based therapeutic strategy to im-

prove cardiac health and study redox-dependent signaling. Methods: MI was surgically induced 

in rats by ligating the left anterior descending coronary artery. Subgroups of MI rats received 

resveratrol (i.p., 10 mg/kg/day for 28 days beginning immediately post-MI). Cardiac histology 

and biochemical analyses of genes and proteins implicated in cardiac fibrosis, hypertrophy, and 

apoptosis, and redox-dependent signaling were analyzed. Results: As expected, MI resulted in 

profound structural changes to the myocardium. Further, we observed a sharp reduction in nu-

clear factor-erythroid 2-related factor 2 (Nrf2) and Krüppel-like factor 15 (KLF15), factors that 

are responsible for maintaining the endogenous antioxidant capacity and regulating cardiac gene 

expression, respectively. It is likely that disruption of normal KLF15 signaling permitted the ex-

pression of several cardiac genes associated with progressive cardiac remodeling. Importantly, 

daily treatment with resveratrol ameliorated cardiac remodeling, improved redox state, restored 

Nrf2 expression, and up-regulated KLF15 expression. Further, induction of KLF15 signaling fol-

lowing resveratrol treatment is associated with attenuated expression of several genes implicated 

in cardiac remodeling. Conclusions: Chronic oxidative stress potentiates cardiac remodeling 

post-infarct, in part, by suppressing Nrf2 and KLF15 expression. Importantly, we demonstrate 

that normal KLF15 signaling may be rescued with an antioxidant-based therapy, which may be 

an attractive therapeutic target to support cardiac health post-MI. 

INDEX WORDS: Cardiac remodeling, KLF15, Myocardial infarction, Oxidative stress 
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CHAPTER ONE 

MYOCARDIAL INFARCTION AND CARDIAC REMODELING 

 

Introduction 

The high prevalence of cardiovascular disease (CVD) in the Western world is responsible 

for approximately thirty-three percent of all-cause mortality in the United States. In addition, 

each year nearly 1.5 million Americans experience a myocardial infarction [1, 2], which directly 

contributes to mortality or secondary heart failure. The Centers for Disease Control and Preven-

tion estimate that 5.1 million people have been diagnosed with heart failure and approximately 

half die within 5 years of diagnosis. Clearly, continued research investigating the molecular and 

cellular mechanisms underlying the pathogenesis of CVD to develop effective treatment options 

is warranted. 

 Importantly, myocardial infarction has been associated with a series of pathological mo-

lecular and cellular changes that result in remodeling of the myocardium. The pathologic myo-

cardium is associated with cardiac dysfunction as it progresses to secondary heart failure. Moreo-

ver, several lines of literature implicate oxidative stress as a primary feature of cardiac remodel-

ing following clinical and experimental myocardial infarction. Genetic studies that employ either 

knockout of reactive oxygen species producing enzymes or overexpression of antioxidant de-

fense enzymes demonstrate remarkable protection of the myocardium to pathological remodel-

ing. Importantly, treatment with antioxidants has also proven beneficial to attenuate cardiac re-

modeling following myocardial infarction. Together, these studies establish a role for oxidative 
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stress in the promotion of a pathological cardiac phenotype. However, the underlying mecha-

nisms that drive oxidative stress-dependent remodeling following myocardial infarction have not 

been fully elucidated. 

 Further, interstitial fibrosis and cardiac hypertrophy are cardinal features of the remodel-

ing myocardium in response to pathological stress. These processes appear to be under strict con-

trol of connective tissue growth factor (CTGF), myocyte enhancer factor 2 (Mef2), and GATA 

binding protein 4 (GATA4), which are robustly up-regulated in response to pressure overload. 

Importantly, the transcriptional repressor Krüppel-like factor 15 (KLF15) negatively regulates 

the transcription of CTGF and transcriptional activity of Mef2 and GATA4. In response to in 

vivo pressure overload and in vitro oxidative stress, KLF15 is dramatically down-regulated 

which alleviates its inhibitory effects and thus, permits expression of pro-fibrotic and pro-hyper-

trophic genes.  

 While antioxidant treatment has proven beneficial in attenuating cardiac remodeling fol-

lowing myocardial infarction, the redox-sensitive mechanisms responsible for its efficacy remain 

to be fully identified. To that end, no study to date has identified the expression of KLF15 in the 

myocardium following infarction. Here we attempt to identify the expression profile of KLF15 

and its sensitivity to the redox state in the myocardium following infarction. Importantly, we hy-

pothesize that treatment with resveratrol, a powerful antioxidant, will induce KLF15 expression 

to repress cardiac gene expression associated with remodeling post-MI. For clarity, we have pro-

vided the hypotheses and specific aims for the proposed dissertation project in Figure 1. 
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Figure 1. Hypotheses and specific aims wherein myocardial infarction induces oxidative stress 

(SA 1), which down-regulates KLF15 and permits the expression of fibrogenic and hypertrophic 

genes (SA 2). Expression of these genes leads to overt structural remodeling of the myocardium 

(SA 3). Treatment with resveratrol induces Nrf2 signaling to restore GSH and alleviate oxidative 

stress, thereby driving KLF15 signaling and attenuate cardiac remodeling. Connective Tissue 

Growth Factor (CTGF), GATA Binding Protein 4 (GATA4), Glutathione (GSH), Krüppel-Like 

Factor 15 (KLF15), Myocyte Enhancer Factor 2 (Mef2), Nuclear Factor erythroid-derived 2-like 

factor 2 (Nrf2), Reactive Oxygen Species (ROS), Specific Aim (SA). 

 

 

Characteristics of Myocardial Infarction 

 Myocardial infarction can be characterized by acute and chronic structural and functional 

alterations that occur within minutes and manifest as overt structural remodeling weeks to 

months after the initial ischemic insult. Changes in myocyte number, size, and shape manifest as 

overt structural remodeling of the myocardium and are closely associated with functional deteri-

oration. The direct relationship between the structure and function of the myocardium under-

scores the essential requirement to prevent pathological cardiac remodeling and to preserve car-

diac function. 
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Histopathology of Myocardial Infarction 

 The myocardium undergoes several morphological changes within hours after the initial 

ischemic insult, which persists for several weeks to months following myocardial infarction.  

During the infarction, cardiac myocytes in the ischemic zone experience necrotic cell death char-

acterized by cell swelling and disruption of the plasma and organelle membranes. Further, car-

diac myocytes in the non-infarcted region may undergo apoptotic cell death characterized by cell 

shrinking and condensed nuclei [3, 4].  

 Additionally, excessive destruction of the extracellular matrix may destabilize the colla-

gen struts, which normally provide cellular stabilization to cardiac myocytes. As such, cardiac 

myocytes in the border zone are likely to slip and potentially contribute to expansion of the in-

farct and ventricular wall thinning. Cell loss and extracellular matrix destruction increase myo-

cardial wall stress. To that end, cardiac myocytes that survive hypertrophy and the myocardium 

thickens early in the remodeling process. Over time, chronic stress induces a shift from a thicker 

to a longer myocyte, which coupled with infarct expansion manifest as increased ventricular cav-

ity dimension. In parallel, chronic stress likely contributes to interstitial collagen deposition and 

subsequent fibrosis (Figure 2). 
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Figure 2. Photomicrographs from mouse heart sections. Three days post-MI, the infarct zone (I) 

begins to form from the resultant loss of cardiomyocytes and scar tissue formation. The region 

adjacent to the infarct zone, termed the border zone (BZ), distinguished by the appearance of in-

terstitial collagen deposition and cardiomyocyte hypertrophy appears. Adjacent to the border 

zone, the remote myocardium (R), experiences a lesser degree of stress than the border zone, and 

thus a lesser degree of remodeling. These structural derangements are augmented at 14 days 

post-MI, where there is apparent increase in the ventricular chamber radius. Further, the infarct 

zone continues to thin and expand with a dense collagen framework. In parallel, cardiomyocytes 

in the border zone experience hypertrophy concomitant with interstitial fibrosis [5]. 

  

Functional Evidence of Myocardial Infarction 

 Ischemic cardiomyopathy resulting from a myocardial infarction is commonly associated 

with systolic dysfunction—a hallmark of heart failure. Intrinsic and structural alterations mani-

fest as significant deterioration to many hemodynamic parameters that define cardiac perfor-

mance. The underlying mechanisms responsible for systolic dysfunction include: post-transla-

tional modification of myofilament proteins that result in force development depression and de-

creased calcium sensitivity of the contractile apparatus, dysfunctional calcium handling, altered 

ion channel function, mitochondrial and metabolic abnormalities, and pathological structural re-

modeling [6].  
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Systolic function can be assessed with data from pressure-volume loops such as stroke 

volume, ejection fraction, stroke work, end-systolic pressure-volume relation, and end-diastolic 

pressure-volume relation. Relative narrowing of the pressure-volume loop accompanied by a 

rightward shift is reflective of reduced stroke volume, increased end-diastolic volume, and subse-

quently reduced ejection fraction indicative of an infarcted and failing heart [6, 7]. For example, 

several studies report significant depression of systolic function following experimental myocar-

dial infarction induced by LAD ligation [8-11]. Four weeks after myocardial infarction ventricu-

lar fractional shortening [8-11] and left ventricular ejection fraction [8, 11] are dramatically re-

duced. In parallel, these functional deficits were associated with pathological cardiac remodeling. 

Importantly, animals that receive antioxidant interventions show remarkable improvement in 

both indices of systolic function and pathological remodeling [8-11]. 

 

Molecular and Cellular Events during Acute Myocardial Infarction 

 The myocardium undergoes several molecular and cellular events starting with the initial 

ischemic insult leading to cell death. The ensuing inflammatory response then clears the myocar-

dium of dead cells and matrix debris, and prepares the myocardium for structural remodeling.  

 

Etiology of Myocardial Ischemia 

 Embolization or passage of an embolus (i.e., coronary plaque) within the bloodstream can 

occlude one or more major coronary arteries and deprive the myocardium of sufficient oxygen 

[12]. Plaque embolization is due to damage of the underlying vascular endothelium that results in 

formation of platelet plugs and thrombi [13]. Rupture of the plaque exposes thrombogenic ele-
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ments in the atherosclerotic lesion to the moving column of blood. Traveling thrombogenic ele-

ments trigger platelet aggregation and thrombus formation and result in occlusion of the diseased 

vessel [13]. To that end, total occlusion of a major coronary artery such as the left anterior de-

scending coronary artery results in the entire thickness (i.e., the subepicardium and subendocar-

dium) of the left ventricle to become ischemic, known as transmural ischemia [13]. Alterna-

tively, the partial occlusion of major arteries or significant collateral vessels results in fractional 

ischemic areas of the ventricular wall. When this occurs, the under-perfused subendocardium be-

comes more susceptible to ischemic shock [13]. 

 

Anoxic Intracellular Pathophysiology 

Intracellular oxygen tension within the affected myocardium falls to nearly zero within a 

minute of complete cessation of blood flow [13]. As a result, reliance on oxidative phosphoryla-

tion to generate adenosine triphosphate (ATP) is significantly reduced, and ATP generation is 

relegated to anaerobic glycolysis [13]. Unfortunately, anaerobic energy production can only pro-

ceed in the presence of sufficient cytosolic nicotinamide adenine dinucleotide (NAD+). Since the 

reduced form of NAD+ (NADH + H+) can only be oxidized via oxidative phosphorylation, the 

concentration of NAD+ quickly falls and anaerobic glycolysis ceases. ATP consuming enzymes 

such as myosin ATPase, sarcoplasmic-endoplasmic reticulum calcium ATPase (SERCA), and 

membrane bound sodium-potassium ATPase pump consume the remaining ATP. The immediate 

and cumulative result is abnormal cellular function, energy depletion, and eventual cell death. 
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Cellular Death Pathways 

Myocardial cell loss during acute myocardial infarction is a consequence of necrosis, 

apoptosis, and autophagy [14-16]. Each death pathway has distinguishing features, are not mutu-

ally exclusive [14], and their contribution to cell loss is likely specific to the cellular and extra-

cellular environment. For example, different pathways may contribute variably between models 

of myocardial infarction (e.g., permanent artery occlusion vs. ischemia/reperfusion) or due to the 

state of cellular energy demands.  

Necrosis is an unregulated, irreversible response to sustained ischemia and is the primary 

driving force of cell loss during myocardial infarction [14]. Due to cellular energy failure, so-

dium and calcium ions accumulate in the cytoplasm and cause cell swelling, degeneration of or-

ganelles, loss of membrane integrity, and dissolution of the cell [17]. Upon restoration of blood 

flow, necrosis continues in the infarct zone, but it may be mediated through different processes. 

Until recently, reperfusion-induced necrosis was considered a passive event referred to as “coag-

ulation necrosis” where the architecture of necrotic cells remains preserved for a couple days 

[14, 18]. However, it is now clear that cellular signaling pathways are capable of regulating ne-

crosis [3, 4]. Recently, this form of necrosis has been termed “programmed necrosis” and can be 

initiated by tumor necrosis factor-alpha (TNF-α). Primary features of programmed necrosis are 

swelling of the mitochondrial matrix, dispersion of the mitochondrial membrane potential, ATP 

depletion, and opening of the mitochondrial permeability transition pore (mPTP). Activation of 

caspases is not a feature of programmed necrosis; however, it may occur in parallel if matrix 

swelling causes rupture of the outer mitochondrial membrane before sufficient ATP is depleted. 

In this context, pro-apoptotic factors such as cytochrome c are released into the cytosol and po-

tentially activate caspases [14]. 
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Cell death mediated through apoptosis requires energy to activate caspases. Therefore, it 

is likely that less energy-compromised cells in the border zone are more likely to die by apopto-

sis and contribute to infarct expansion [14] However, during reperfusion (when cellular energy 

level is restored) apoptosis may occur in the infarct zone [19] and is likely driven by oxidative 

stress in a graded manner [20]. For example, cardiac myocytes closest to the capillaries receive 

the highest level of oxidative stress and therefore, may contribute to independent initiation of ne-

crosis and apoptosis during reperfusion. 

Activation of caspases is a hallmark biochemical feature of apoptosis and are activated by 

two major pathways [14]. First, the extrinsic pathway is initiated as a cellular response to inflam-

mation. Plasma membrane receptors become activated by pro-inflammatory ligands such as Fas, 

TNF-α, and TNF-related apoptosis-inducing ligand (TRAIL) [14]. These ligands bind death do-

main-containing receptors to form a death-inducing signaling complex, which initiates proteo-

lytic cleavage of pro-caspases and subsequently activates effector caspases [14]. Alternatively, 

the intrinsic pathway requires the permeabilization of the outer mitochondrial membrane to re-

lease mitochondrial pro-apoptotic factors such as cytochrome c [14]. Importantly, elevated cyto-

solic calcium ions and reactive oxygen species (ROS) have been implicated in activating the in-

trinsic pathway [14]. To that end, the effector caspase, caspase-3 digests cellular proteins and 

macromolecules, degrades DNA, and leads to cell death [14, 21]. 

Normally, autophagy provides a “housekeeping” function that degrades damaged orga-

nelles and macromolecules in response to stress, and promotes cell survival [22]. Alternatively, 

during persistent stress autophagy can initiate a cellular death response [23]. In support of these 

roles, autophagy may protect the myocardium and limit the size of the infarct during ischemia 
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[16, 24]. Alternatively, reperfusion-induced autophagy activation promotes expansion of the in-

farct zone [25]. It is now clear that different pathways are responsible for the diverse roles of au-

tophagy to promote cell survival and cell death [16, 26] 

 

Inflammatory Response 

Disruption of plasma membrane integrity is a common feature of necrosis and results in 

the release of intracellular contents into the extracellular and systemic compartments that initiate 

a robust inflammatory response [27]. Cell surface receptors bind endogenous ligands released 

from necrotic cells and activate inflammatory pathways such as Toll-like receptor (TLR)-medi-

ated pathways, the complement cascade, and the nuclear factor (NF)-κB cascade. To that end, 

NF-κB plays an essential role in the induction of pro-inflammatory mediators such as TNF-α, in-

terleukin 1-beta (IL-1β), IL-6, and ROS. Importantly, NF-κB can be reciprocally activated by 

TNF-α and ROS [27]. 

Moreover, ROS promote leukocyte chemotaxis by compliment activation , and up-regula-

tion of adhesion molecules  and chemokines [28]. The first inflammatory cell type in the periph-

eral circulation to increase in numbers after the ischemic insult are neutrophils [29]. Their pri-

mary role is to release large amounts of ROS through a nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidase-dependent respiratory burst, which functions to degrade damaged parti-

cles [30]. Importantly, ROS released from inflammatory infiltrates and dying cells may directly 

injure healthy cardiac myocytes and vascular cells and contribute to myocardial damage [28]. 

 As such, clearance of dead cells and debris, and inhibition of cytokine and chemokine 

synthesis is crucial for the repair process. Further, optimal healing requires mechanisms that in-

hibit cytokine and chemokine synthesis to suppress continuous leukocyte recruitment and injury. 
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To that end, macrophage ingestion of apoptotic cells including neutrophils and cardiac myocytes 

results in powerful anti-inflammatory and immunosuppressive effects that transition to fibrous 

tissue deposition to stabilize the damaged myocardium [27]. 

 Transforming growth factor-β (TGF-β) is a key mediator in the transition from inflamma-

tion to fibrotic tissue deposition [31]. Moreover, TGF-β suppresses cytokine and chemokine ex-

pression by stimulated mononuclear and endothelial cells [27]. Importantly, TGF-β inhibits pro-

liferation of most cells, modulates fibroblast behavior, stimulates synthesis of various extracellu-

lar matrix proteins [32], and suppresses matrix degradation [33]. The fibroblast conversion to a 

myofibroblast phenotype is a primary feature of infarct scar formation and is characterized by 

increased expression of α-smooth muscle actin, cell proliferation, and extracellular matrix pro-

tein synthesis [34].  

 Myofibroblasts are not normally present in high numbers in the healthy myocardium. 

However, in response to mechanical stress and hormones released by inflammatory and resident 

cells, myofibroblasts migrate to damaged tissue [35]. Three days following infarction, they are 

the predominant cell type in the infarct zone [35]. Importantly, myofibroblasts serve two primary 

functions in the infarcted myocardium: (1) provide mechanical strength to the scar by secreting 

new extracellular matrix proteins and (2) synthesize factors that regulate the inflammatory and 

fibrogenic responses [35]. Initially, myofibroblasts secrete a specific set of matrix proteins to 

form a provisional scar to provide temporary stabilization of the ventricular myocardium. Even-

tually, the provisional scar is replaced with a more advanced scar containing a stable collagen 

network [34, 36].  
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Post-Infarct Cardiac Remodeling 

 The damaged myocardium undergoes profound changes in the ventricular architecture 

and geometry, referred to as “cardiac remodeling” [27]. Several molecular and cellular altera-

tions are associated with cardiac remodeling that affects both the infarct zone and non-infarct 

segments of the ventricle. Over time, continued cardiac remodeling can become pathological in 

nature and manifest as apoptosis of viable cardiac myocytes, interstitial fibrosis, cardiac hyper-

trophy, dilation of the left ventricle, and worsened cardiac function [27, 37, 38]. Figure 3 pro-

vides an overview of the factors that contribute to pathological cardiac remodeling. 
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Figure 3. Flow chart representing the many factors involved in the pathophysiology of ventricu-

lar remodeling [39]. Angiotensin II (AII), Angiotensin Converting Enzyme (ACE), Atrial Natriu-

retic Peptide (ANP), B-Type Natriuretic Peptide (BNP), Cardiac Output (CO), Extracellular Ma-

trix (ECM), Endothelin-1 (ET-1), Matrix Metalloproteinase (MMP), Norepinephrine (NE), 

Renin-Angiotensin-Aldosterone System (RAAS), Systemic Vascular Resistance (SVR), Trans-

forming Growth Factor-Beta1 (TGF-β1). 

 

 Further, loss of viable cardiac myocytes is an important mechanism in the development 

of pathological cardiac remodeling [40]. Shear wall stress imposed on cardiac myocytes lining 

the infarct scar induce oxidative stress and activate a second inflammatory wave within these 

cells. Experimental evidence document the expression of both TNF-α [41] and inducible nitric 

oxide synthase (iNOS) [42] in cardiac myocytes bordering the infarct scar. Importantly, oxida-

tive and nitrosative stress lead to apoptosis in cardiac myocytes adjoining the infarct scar, which, 

in conjunction with cell slippage, result in expansion of the infarct zone [43]. To that end, fibrous 

tissue replaces dead cardiac myocytes and contributes to extension of the infarct scar [44]. 

 The adjacent non-infarcted region defined by its proximity to the infarct zone is com-

monly referred to as the “border zone.” Surgically implanted sonomicrometers demonstrate that 

the non-infarcted myocardium in the border zone can be progressively recruited into the mature 

scar. In other words, there is an increased proportion of the left ventricular wall composed of scar 

tissue and decreased proportion composed of viable cardiac myocytes during the remodeling re-

sponse [45]. Therefore, the border zone may not remain in a fixed position after formation of the 

mature scar in the infarct zone.  

In addition to infarct scar extension, oxidative stress promotes interstitial collagen deposi-

tion in the non-infarcted myocardium and contributes to restructuring of the myocardium [44]. 

Further, the non-infarcted myocardium lying beyond the border zone may hypertrophy in re-
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sponse to a workload increase imposed on these cardiac myocytes. The magnitude of the hyper-

trophic response is dependent on several factors including: size of the initial infarct, type of in-

farct, location of the infarct, type of reperfusion, degree of infarct extension, ventricular preload 

and afterload, and the state of inflammatory activation. Thus, it seems reasonable to presume that 

the onset of the hypertrophic response will vary depending on the sum total of these and perhaps 

additional factors such as oxidative stress [44].  

 In later stages of cardiac remodeling, the myocardium enters a state primarily driven by 

chronic volume overload, which induces a characteristic dilated myocardium, in part, by length-

ening of cardiac myocytes [44]. In parallel, increased ventricular volume concomitant with de-

creased subendocardial perfusion drive elevated wall stress and result in depressed ventricular 

ejection fraction [44, 46]. Importantly, ventricular dilation is associated with development of 

heart failure, ventricular arrhythmias [47], and has been used to predict mortality [48].  

Progression to heart failure secondary to uncomplicated myocardial infarction can be de-

fined in terms of the function, shape, and size of the left ventricle [49]. For example, infarct size 

correlates well with both end-systolic volume and ejection fraction [50]. Further, infarct imaging 

demonstrates a direct relationship between infarct scar size, both ventricular volumes, and ejec-

tion fraction [51]. Given that elevated end-systolic volume can be predicted from infarct size and 

end-systolic volume is a major determinant of mortality following myocardial infarction [48], 

extensive cardiac remodeling has been used as a surrogate endpoint for use in heart failure trails 

[52, 53]. Importantly, cardiac remodeling should be considered a primary target to prevent sec-

ondary heart failure following myocardial infarction [54, 55]. Therefore, a better understanding 

of the mechanisms responsible for pathological cardiac remodeling to develop effective thera-

peutic strategies is warranted.    
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Oxidative Stress in the Myocardium 

 Oxidative stress occurs when the production of reactive oxygen species such as superox-

ide (O2
-), hydrogen peroxide (H2O2), and hydroxyl radical (OH-) exceeds the cellular antioxidant 

defense capacity and promotes their rapid accumulation [56]. Importantly, the unpaired electron 

is an unstable free radical that will react with organic molecules such as proteins, lipids, and nu-

cleic acids and lead to disruption of cellular function [6]. ROS production occurs through elec-

tron leak from mitochondria during oxidative phosphorylation and through activation of cellular 

enzymes such as NADPH oxidase, xanthine oxidase, and NOS [57].  

In both the infarcted and non-infarcted myocardium, NADPH oxidases are a major 

source of oxidant production [58, 59]. However, the cellular source may differ between the two 

areas. For example, NADPH oxidase expression robustly increases in the infarct zone [60, 61] 

and leukocytes are the primary cell type to express the enzyme [57], while cardiomyocytes are 

more likely to express the enzyme in non-infarcted myocardium [62, 63]. Further, pathological 

stimuli such as TNF-α, angiotensin II, norepinephrine, and mechanical stretch increase the activ-

ity of NADPH oxidase enzymes [9], which occur as a result of an ischemic insult. Therefore, an 

effective oxidant scavenging system to combat oxidant production following a myocardial in-

farction is required to alleviate the accumulation of ROS.  

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a highly conserved transcription fac-

tor that induces transcriptional activation of several anti-oxidant and phase II detoxifying en-

zymes that harbor the antioxidant response element (ARE) in their promoter region [64]. En-

zymes under the transcriptional regulation of Nrf2 may include: NADPH dehydrogenase, super-

oxide dismutase (SOD), glutathione peroxidase (GPx), glutathione S-transferase, γ-glutamate-

cysteine ligase, heme oxygenase-1, and catalase [64, 65]. 
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Importantly, glutathione (GSH) is a major product of several Nrf2-regulated genes and is 

the most abundant intracellular non-enzymatic free thiol that functions in antioxidant defense. 

GSH can reduce H2O2 and lipid peroxide through a GPx catalyzed reaction and detoxify electro-

philes spontaneously or through a glutathione S-transferase catalyzed reaction [66]. Therefore, 

adequate cellular GSH concentration is vital for normal cell function [67], whereas a reduced 

concentration of GSH may promote accumulation of ROS and subsequent oxidative stress. 

 Further, mitochondrial enzymes manganese superoxide dismutase (Mn-SOD2) and GPx 

appear to be the most important in controlling myocardial levels of O2
- and H2O2. Approximately 

90% of the SOD activity in cardiac myocytes is attributable to Mn-SOD2 [6]. For example, a 

study by Li et al [68] highlighted the strict requirement of Mn-SOD2 in the regulation of oxida-

tive stress in the myocardium. Using homozygous knockout mice, they demonstrated that mice 

deficient in Mn-SOD2 develop normally in utero, but die soon after birth with dilated cardiomy-

opathy [6]. In contrast, mice deficient in cytosolic superoxide dismutase (Cu/Zn-SOD1) or extra-

cellular SOD (Ec-SOD3) grow normally without a pathological cardiac phenotype [6, 69]. Im-

portantly, these studies implicate the mitochondria as a significant source of ROS, which likely 

contribute to pathological cardiac remodeling. In parallel, they underscore the importance of an-

tioxidant defense in attenuating pathological remodeling. 

 A number of clinical and experimental studies demonstrate increased generation of ROS 

in heart failure [70-73]. Moreover, animal models of heart failure document a decrease in the cel-

lular antioxidant defense capacity [74, 75]. For example, Hill et al. [71, 72] provided evidence to 

support a progressive reduction in SOD, GPx, and catalase activity after experimental myocar-

dial infarction. Moreover, plasma GSH levels have also been documented to decrease in patients 
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with acute myocardial infarction [76]. These observations indicate a common mechanism of oxi-

dative stress induction after infarction and in heart failure, which likely reflect a combination of 

excessive ROS production and impaired antioxidant defense capacity. Importantly, the resultant 

oxidative stress appears to be a primary feature in the infarcted and non-infarcted myocardium 

during the early remodeling phase and persist in heart failure.  

 

Oxidative Stress-Dependent Cardiac Remodeling 

 Reactive oxygen species production and oxidative stress are primary features in both clin-

ical and experimental myocardial infarction. Increasing evidence supports an important role for 

oxidative stress in cardiac remodeling [8, 9]. Specifically, ROS have been linked to apoptosis, 

interstitial fibrosis, and cardiomyocyte hypertrophy [40, 77, 78]; and the contribution of these 

processes to cardiac remodeling and secondary heart failure have been well-documented [8, 9]. 

Importantly, experimental reduction in ROS levels can attenuate cardiac remodeling following 

myocardial infarction [10, 62]. 

 Oxidative stress driven by free radical formation in combination with reduced antioxidant 

defense capacity may be an important mechanism responsible for cardiac remodeling and pro-

gression to heart failure [71]. For example, Qin et al [9] documented cardinal signs of remodel-

ing after experimental myocardial infarction, which were associated with increased NADPH oxi-

dase activity, oxidative stress, and apoptosis. Importantly, treatment with apocynin, an NADPH 

oxidase inhibitor, reduced oxidative stress and apoptosis. In parallel, a study by Shiomi et al. 

[10] demonstrated that cardiac remodeling and heart failure following myocardial infarction 

could be attenuated with genetic overexpression of GPx. Their observations were associated with 

decreased apoptosis, interstitial fibrosis, and myocyte hypertrophy. In addition, genetic knockout 
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of Nox2, a catalytic subunit of NADPH oxidase abundantly found in cardiac tissue, reduced 

apoptosis, interstitial fibrosis, and myocyte hypertrophy after experimental myocardial infarction 

in mice [8]. Cardiac phenotypes from both studies display similarities providing further evidence 

that (1) oxidative stress drives pathological remodeling and (2) oxidative stress can occur from 

excessive ROS production and/or impaired antioxidant defense capacity.  

Further, treatment with O2
- to induce oxidative stress has been shown to promote apopto-

sis in cardiomyocytes in vitro [79]. Moreover, oxidative stress has been demonstrated to trigger 

apoptosis in several pathological conditions including: myocardial infarction, cardiomyopathies, 

and heart failure [80-82]. Importantly, death of viable cardiac myocytes is an important mecha-

nism that contributes to the development of pathological remodeling [40]. Studies exploring the 

mechanisms of oxidative stress-induced apoptosis have shown increased expression of the pro-

apoptotic factor Bax in the infarcted heart [83]. Further, activation of the intrinsic apoptotic path-

way was shown to be associated with oxidative stress in an animal model of dilated cardiomyo-

pathy [84]. Together, these findings suggest that oxidative stress can induce apoptosis in cardio-

myocytes. Interestingly, TGF-β-induced apoptosis is associated with oxidative stress and antioxi-

dant treatment inhibited TGF-β-dependent apoptosis [85-87]. These studies suggest that TGF-β 

regulates apoptosis via mediation through oxidative stress. Importantly, both oxidative stress and 

apoptosis within the non-infarcted myocardium can be abolished with chronic treatment of anti-

oxidants [88, 89]. 

 In the infarcted heart, fibrosis is a cardinal feature of cardiac remodeling, which is char-

acterized as a scar in the infarct zone and interstitial fibrosis in the non-infarcted myocardium 

[57]. Importantly, oxidative stress has been further implicated in fibrogenesis not only in the my-
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ocardium, but also in various tissues such as the lung and liver [90, 91]. Genetic or pharmaceuti-

cal inhibition of Nox4, another catalytic subunit of NADPH oxidase that is abundantly expressed 

in cardiac tissue, attenuated oxidative stress, and blocked TGF-β1 stimulated ROS production 

and subsequent activation of myofibroblasts [92]. These data indicate that fibrosis contributes to 

cardiac remodeling and that oxidative stress drives this process. Further, oxidative stress has 

been shown to directly regulate collagen synthesis and that Smad3 and CTGF are required for 

TGF-β-dependent fibrosis [66]. Importantly, attenuation of oxidative stress with antioxidant 

treatment inhibited fibrosis [66]. Figure 4 depicts TGF-β-dependent fibrosis mediated through 

Smads and CTGF. However, the precise mechanism responsible for oxidative stress-induced reg-

ulation of CTGF induction following a myocardial infarction remains to be identified. 
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13.4.1  Describe all special precautions recommended for personnel who handle animals, equip-
ment, or do housekeeping.  Describe how contaminated caging, bedding, and equipment 
should be handled. 
 

13.5  Will Controlled Substances be used? 
   No 
   Yes 

 
13.5.1  Do you have a Controlled Substance Permit? 

   No 
   Yes 

 

SECTION 14.  Animal Housing and Husbandry 
 

14.1  Will you breed these animals? 
   No 
  Yes  Please address the following: describe method of mating (harem, monogamous, et 

cetera); describe age of weaning; describe genetic monitoring and methods to assure inbred / 
outbred status; justify breeding versus obtaining commercially. If only one sex of offspring will be 
used in experiments, please justify. A separate breeding protocol (Use breeding protocol 
form) may be submitted to generate animals for this and other experimental protocols.  
14.1.1 If breeding Genetically Modified Animals (GMAs), with their inherent potential for 

unanticipated phenotypes, please describe monitoring procedures for unexpected 
outcomes:  
 

14.1.2 Please state if there is a plan in place for preservation of critcal or irreplaceable animals 
such as transgenics:  
 

14.2  Do the animals require housing other than standard caging/bedding or tanks/water? 
  No 
   Yes (List housing required and explain here):  

 
14.3 Will animals be housed singly? 

  No 
   Yes (List reason single housing is required and explain why here):  

Non-Human Primate Housing and Social Housing of Social Species criteria options can be found 
at: http://grants.nih.gov/grants/olaw/positionstatement_guide.htm#nonhuman 

http://ursa.research.gsu.edu/files/2013/04/GSU_IACUC_SOP_on_Social_Housing_of_So-
cial_Species.docx 
 

14.4 Do the animals require special care? 
   No 
   Yes (List special care and explain here):  

 
14.5  Do the animals require diet other than the standard diet for this species used at GSU? 

   No 
  Yes (List diet and explain here):   

 
14.6 Will food and/or fluid restriction and/or regulations be necessary? 

   No 
  Yes (List restrictions and explain here how they will be managed).  

Describe how the animal(s) will be monitored to ensure that food and fluid intake meets their nu-
tritional needs.  
 
 

http://grants.nih.gov/grants/olaw/positionstatement_guide.htm#nonhuman
http://ursa.research.gsu.edu/files/2013/04/GSU_IACUC_SOP_on_Social_Housing_of_Social_Species.docx
http://ursa.research.gsu.edu/files/2013/04/GSU_IACUC_SOP_on_Social_Housing_of_Social_Species.docx
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14.7  Will animals remain outside the IACUC approved Animal Housing Area for more than 12 hours? 
   No 
  Yes (List building and room number and explain here):  

 
14.8  Will animals be transported outside of an IACUC approved Animal Housing Area (e.g. to your lab 

or off campus)? 
 Yes   

 I agree to adhere to the GSU IACUC Animal Transportation Policy.  
 I request a deviation from the GSU IACUC Animal Transportation Policy. Please state 

the deviation and provide a justification for the deviation here:  
  No  

 
14.9  Will animals undergo experimental manipulations outside the IACUC approved Animal Housing 

Area? 
  Yes (List building and room number and explain here):  
   No 

 
14.10  Can animals be provided environmental enrichment? Enrichment options can be found at: Enrich-

ment Options 
   Yes (List enrichment requested here):  group housing, Nylabones, shelters 
   No (Explain reason for lack of enrichment here):  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

http://ursa.research.gsu.edu/repo/IACUC_Approved_Animal_Housing_Areas.doc
http://ursa.research.gsu.edu/repo/Animal_Transportation_Policy.doc
http://ursa.research.gsu.edu/repo/Animal_Transportation_Policy.doc
http://ursa.research.gsu.edu/repo/animal_enrichment_plan.doc
http://ursa.research.gsu.edu/repo/animal_enrichment_plan.doc
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9. Are there any changes in the Animal housing/husbandry for this protocol?  

If so please describe below 
 No. 
 

 
Jeffrey S. Otis_______________________  ___________ 
Investigator’s Signature    

  Date 
 

PLEASE RETURN THIS FORM TO:  
IACUC Compliance Officer / Georgia State University / Office of Research Integrity / 232 Alumni 
Hall / Atlanta, GA 30303   e-mail: iacuc@gsu.edu     

 
 

 
 
APPROVED: __________________________________ ___________ 

           Attending Veterinarian’s Signature  Date 
 
 
APPROVED: _________________________________ __________ 

           IACUC Chair’s Signature       Date 

 

 

 

 

 

 

 

 


